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Earth's gravity model (EGM) helps people better determine the figure of Earth, which is
generally represented by a global geoid. For a considerable amount of practical applica-
tions, people use quasi-geoid to approximate the geoid, thus the quasi-geoid is also treated
as an important height datum. In this study we revisit the method to directly determine
regional quasi-geoid using EGM and digital elevation model (DEM), on the basis of Molo-
densky theory. According to the method we obtain a 50  50 quasi-geoid for Mainland China
and its vicinity areas, based on the EGM2008 gravitational potential model and the Shuttle
Radar Topography Mission (SRTM) DEM model. By comparing height anomalies derived
from EGM2008 with observations at 70 GPS/leveling points in areas including northwest,
mid-west, mid-east and southeast of China, we find that the 50  50 EGM2008 quasi-geoid
well fits the GPS/leveling results, with average deviations less than 10 cm for the selected
areas in east China (with mainly plain topography) and ~20 cm for the selected areas in
west China (highland or mountainous areas). We also discuss a few technical issues for
directly determining height anomalies based on EGM and DEM, under the frame of Molo-
densky theory.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
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A global geoid or quasi-geoid with considerably high
spatial resolution (e.g., with 50  50 global grid) can be deter-
mined, based on the unprecedented high-degree global grav-
itational potential model EGM2008 with spherical harmonics
complete to degree 2190 and order of 2159 [1]. Presently,
EGM2008 has been widely used to determine high-accuracy
regional geoids or quasi-geoids. Hirt et al. [2] combined
EGM2008 and data from a residual terrain model to improve
the quasi-geoid computations for some mountainous areas
devoid of gravity data, and pointed out from the validation
of GPS/leveling data that refined quasi-geoids could be
obtained. Toth and Szu¨cs [3] determined a new combined
quasi-geoid for Hungary, using the EGM2008, topography
models, and observations from other terrestrial geometric
and gravimetric measurements. Odera et al. [4] developed a
high-resolution geoid model for the main islands of Japan
with EGM2008 and terrestrial gravity data. Odera and Fukuda
[5] further assessed the contributions of different global
geopotential models (including the EGM2008) to the
improvement of geoid model over Japan. Godah et al. [6]
carried out a case study of gravimetric quasi-geoid modeling
for Poland and assessed the accuracy of geopotential
models. Bilker-Koivula [7] investigated the assessment of
high-resolution global geopotential models, applied the
EGM2008 to improve quasi-geoid modeling for Finland, and
obtained more refined results than earlier models.
For the Mainland China area, GPS/leveling and gravity data
densely distributed over the region have been used to evaluate
the EGM2008, which demonstrates that this model is able to
significantly improve quasi-geoid modeling for most parts of
Mainland China [8]. The EGM2008 has also been used as the
background model in the calculation of quasi-geoid. By
combining geopotential models, topography models,
terrestrial gravity and GPS/leveling data, the refined quasi-
geoid model has an accuracy of several centimeters
(considerably better than 0.1 m) for areas in east part of
China and relatively lower accuracy (with average error level
up to a few decimeters) for highland or mountainous areas
in the west [8,9]. Based on EGM2008, Shen et al. [10]
calculated the normal height of Mt. Everest and determined
a regional quasi-geoid for northwest China, with an
accuracy of ~0.2 m. With comparable accuracy level, Shen
and Han [11] further obtained an improved geoid using
EGM2008 and CRUST2.0 for the Xinjiang and Tibetan regions
of Mainland China.
Since people mostly use quasi-geoid as a height datum for
Mainland China, accurate determination of quasi-geoid be-
comes significant for practical applications. Generally, precise
quasi-geoid (or geoid) modeling requires data from geo-
potential and topography models, as well as terrestrial
gravimetry and GPS/leveling measurements [8,12]. With geo-
potential models providing a background input for the quasi-
geoid calculation, a gravimetric quasi-geoid can be deter-
mined first using topography models (e.g., DEM) and terres-
trial gravity data. Then the gravimetric quasi-geoid is fitted
with GPS/leveling data for the region of interest, in order to
obtain a refined quas-geoid model. By combining theinformation from geopotential and DEM models, terrestrial
gravimetry and GPS/leveling, the accuracy level for the
determined refined quas-geoid is likely to be high. However,
the computationmay be complicated and require quite a lot of
effort because of the various types of data input. In addition,
the terrestrial observations for some mountainous areas
might be difficult to obtain. Meanwhile, the availability for
gravimetry data comes out often to be a problem due to po-
litical or other reasons. Nowadays global geopotential models
(e.g., EGM96 or EGM2008) become public (available to anyone).
For applications where these terrestrial data are not available,
direct (and probably much simpler) determination of quasi-
geoid using geopotential and topographymodel (e.g., EGM and
DEM)may become necessary, especially for those who require
a regional quasi-geoid accuracy of not extremely high (e.g.,
people aiming for engineering applications such as bridge or
highway engineering).
In the present study, we aim to directly determine a 50  50
regional quasi-geoid for Mainland China and its vicinity areas,
using EGM2008 and DEM on the basis of Molodensky theory.
First we briefly revisit the method with the second-order
Molodensky approximation, and then we provide results of
the quasi-geoid determination. We then verify the obtained
regional quasi-geoid by comparisons with GPS/leveling ob-
servations. In addition, we discuss technical issues in directly
determining height anomalies according to Molodensky the-
ory, including the result comparison between EGM2008 height
anomalies calculated at the SRTM heights and those calcu-
lated at zero ellipsoidal heights, and the validity of Moloden-
sky approximation of different orders in different practical
cases for plain and mountainous areas, respectively.2. Method
In this section we revisit the Molodensky theory to directly
determine a global (or regional) quasi-geoid based on an EGM
and a DEM [13e16]. According to Molodensky theory one can
obtain model height anomalies for the grid points of a given
region. To calculate the height anomaly of an arbitrary point P
on the solid Earth's surface, The geopotentialW(P) at the point
is needed, which is the sum of the gravitational potential V(P)
and the centrifugal force potential Q(P):
WðPÞ ¼ VðPÞ þ QðPÞ (1)
where V(P) can be calculated by EGM2008.
Then the disturbing potential at point P is obtained as:
TðPÞ ¼WðPÞ  UðPÞ (2)
where U(P) represents the normal gravity potential generated
by the reference ellipsoid. For the computation of this study
the WGS84 ellipsoid is used [17], whose defining parameters
are listed in Table 1.
Based on the disturbing potential one can determine the
height anomaly at P, according to Bruns formula [13]:
z ¼ T
g
(3)
where g is the normal gravity at the corresponding point on
Table 1 e The WGS84 four defining parameters.
Semi-major axis a (m) Flattening f Earth's gravitational
constant GM (m3 s2)
Angular velocity of
the Earth u (rad s1)
6,378,137 1/298.257223563 3,986,004.418  108 7,292,115.0  1011
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U equals the geopotentialW at the corresponding point on the
Earth's surface.
With the second-order approximation for Molodensky
theory [13], the height anomaly could be obtained as:
zð2Þ ¼
T
g0
2
41 21þ f þm 2f sin2 4H*ð2Þ
a
þ 3
 
H*ð2Þ
a
!235
1
(4)
where, g0 is the normal gravity at the corresponding point on
the ellipsoidal surface, f is the oblateness of the reference
ellipsoid, m equals u
2a2b
GM , 4 is the latitude at P, and H
*
ð2Þ repre-
sents the second-order approximation of the normal height:
H*ð2Þ ¼
C
g0
"
1þ 1þ f þm 2f sin2 4 C
g0a
þ

C
g0a
2#
(5)
where C is the geopotential radix number: C ¼ W0W(P).
For the calculation of height anomaly in plain areas where
the topography is not considerably undulant, onemay use the
Molodensky zero-order approximation for computation
brevity:
zð0Þ ¼
T
g0
(6)
Correspondingly, the zero-order approximation of the
normal height is written as:
H*ð0Þ ¼
C
g0
(7)
Therefore, the equations (4)e(7) provide the calculation of
height anomaly and normal height for an arbitrary point on
the Earth's surface, under the frame of Molodensky theory
with approximation of second- and zero- orders, respectively.3. Results
According to Molodensky theory, to determine the height
anomaly corresponding to an arbitrary point on the Earth's
surface, the position of this point (i.e., its horizontal and ver-
tical coordinates) should be fixed first. Thus determining the
quasi-geoid requires not only a gravitational potential model
but also a DEM. For the calculation of the regional quasi-geoid
for Mainland China and its vicinity areas in this study, we
applied EGM2008 as the gravitational potentialmodel input, as
well as the version 4 of the SRTM data [18] as the DEM model
input.
It is worth mentioning that the SRTM DEMmodel, which is
used to provide the locations of the computation points on the
Earth's surface, is with uncertainty level of ~20m [18]. We alsonote that this uncertainty would not considerably affect the
calculation accuracy of our height anomalies [10].3.1. Determination of a quasi-geoid for Mainland China
and its vicinity region based on EGM2008
We picked up a region that ranges from 20 to 50 N in
latitude and from 75 to 135 E in longitude as the study area
forMainland China and the vicinity areas. In order to calculate
the height anomalies corresponding to the 50  50 grid points
(360  720 ¼ 259,200 in total) for this region, the heights of the
grid points are required because the location of a point is one
necessary input for determining its model gravitational po-
tential from EGM2008. A DEM model will fulfill this purpose,
since it provides the topography information of the interesting
region. Optionally, one could simply choose the reference
ellipsoid (zero height) as the calculating surface for the height
anomalies. The differences between the results calculated at
SRTM heights and ellipsoidal (zero) heights are provided
subsequently in this section.
First, to be consistent with the 50  50 spatial resolution of
EGM2008 (with spherical harmonics to degree 2190), the SRTM
model was resampled from the original 300  300 to 50  50
gridding. The derived 50  50 DEM for Mainland China and its
vicinity areas is depicted in Fig. 1. According to the
Molodensky approximation, we calculated a 50  50 quasi-
geoid for Mainland China and its vicinity areas, based on the
topography shown in Fig. 1 as well as the EGM2008 model.
The distribution of height anomalies corresponding to the
quasi-geoid is shown in Fig. 2.
We then calculated the 50  50 quasi-geoid at the ellip-
soidal (zero) heights under the frame of Molodensky's the-
ory, and compared the results with those calculated at the
SRTM heights. Without losing generality, we examined the
differences between these two quasi-geoids at the
360  720 ¼ 259,200 grid points as depicted in Fig. 3. The
statistics of these differences are listed in Table 2. The
geographic distinctions of the height anomaly differences
indicate that in plain areas the two calculated quasi-
geoids fit well with each other. Nevertheless, in
mountainous areas, there are obvious misfits with the
maximum absolute difference achieving 3.58 m located in
the Himalaya region, with the standard deviation for the
region as 0.17 m. This suggests that for calculating the
quasi-geoid it is necessary to apply the DEM model
instead of the ellipsoidal surface, especially for
mountainous areas.
For the sake of comparison, we also calculated the 50  50
EGM2008 height anomaly differences (see Fig. 4 and Table 3)
at the SRTM heights between the results calculated by the
second-order approximation (Fig. 2) and by the zero-order
approximation. Results show that for most eastern parts
Fig. 1 e SRTM elevation of the Mainland China and its vicinity areas with 5′ £ 5′ resolution. Note that some parts of
Mainland China are not depicted due to the limit of rectangular boundary, e.g., the southwestern most part of Xinjiang, the
north most part of Inner Mongolia and Heilongjiang provinces, Hainan Island as well as Nansha islands, etc. (the same
indications for subsequent figures).
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for some western parts of China (highland areas) the
differences could exceed 5 cm, with the maximum value
of ~1 dm located in Tibetan and Xinjiang areas. Therefore,Fig. 2 e The calculated height anomalies of the 5′ £ 5′ quasi-ge
EGM2008 and the SRTM DEMmodel, under the frame of the Mol
leveling testing points (denoted by magenta dots) are distributed
points), and Ji'nan (1 point), respectively.in order to determine a regional quasi-geoid for
mountainous areas or determine a global quasi-geoid we
recommend using the Molodensky approximation of the
second order.oid for Mainland China and its vicinity areas using the
odensky's second-order approximation theory. The 70 GPS/
in Xinjiang (20 points), Chengdu (22 points), Shenzhen (27
Table 2 e Statistics of the differences at the 259200 grid
points between the results calculated at SRTM heights
and ellipsoidal heights (Unit: m).
Max Min Mean Std
0.79 3.58 0.03 0.17
Fig. 3 e The 5′ £ 5′ EGM2008 height anomaly differences between the results calculated at SRTM heights and ellipsoidal
(zero) heights, according to second-order Molodensky approximation.
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To validate the calculated quasi-geoid we compared its
corresponding height anomalies with those observed at 70
GPS/leveling points. These GPS/leveling points are distributed
in the northwest part of China (Xinjiang province, 20 points), a
western city (Chengdu, 22 points), a southern city (Shenzhen,
27 points), and an eastern city (Ji'nan, 1 point) in China (see
Fig. 2 for their locations). The statistical analysis for the
differences between the calculated height anomaly in this
study and the observed ones at the 70 testing points are
listed in Table 4.
As shown in Table 4, the deviations of the calculated quasi-
geoid from the GPS/leveling observations distinguish from
region to region. The average standard deviations are larger
in the northwest most (Xinjiang), and smaller in the eastern
areas. In the southern city Shenzhen and eastern city Ji'nan,
the standard deviations are less than 5 cm. This suggests
that the EGM2008 quasi-geoid deviates from the GPS/leveling
quasi-geoid less than 10 cm in plain areas of the east China
and ~20 cm in the highland regions of the west China.
One may also notice that the mean deviations in Table 4
are non-negligible, i.e., as large as (or even larger than) the
standard deviations. These noticeable deviations possibly
imply the systematic differences between the global (world)
height datum and the China height datum.4. Discussion
The differences between the EGM2008 model height
anomalies and the GPS/leveling observations should not be
directly treated as the accuracy estimate for the EGM2008
quasi-geoid. The height anomalies observed by GPS/leveling
measurement are contaminated by errors from both GPS and
leveling measurements. As reported by Li et al. [8], the mean
accuracy of GPS ellipsoidal heights at B-order GPS points is
about 0.1 m over Mainland China region. Thus the GPS
ellipsoidal heights at the 70 testing points (B-order GPS
points used in this study) can be treated at a 0.1 m accuracy
level. The accuracy of the normal heights at these points
derived from leveling (2- or 3-order leveling measurements
as used in this study) is reported to be several centimeters in
the region surrounding the Qingdao Height Datum (known
as the origin of the Mainland China height system).
However, the uncertainty could become considerably lager
when going farther away from the Qingdao Height Datum
because of the accumulation of propagation error for
leveling measurements, and probably reaches well above
0.1 m for the mountainous areas in west China [8].
Conservatively, the uncertainty level for the height
anomalies from GPS/leveling data used in this study should
be of decimeter level.
Since the discrepancies between the EGM2008 model
quasi-geoid and GPS/leveling quasi-geoid should be attributed
to the errors on both sides, caution requires to be paid when
one is trying to strictly evaluate the accuracy of an EGM2008
quasi-geoid merely by GPS/leveling. Therefore, the ‘less than
10 cm’ average difference (for the selected plain areas in east
China) between the calculated EGM2008 quasi-geoid and the
testing GPS/leveling quasi-geoid is likely overestimate the
accuracy for the calculated quasi-geoid, because similar
Table 3 e Statistics of the differences at the 259,200 grid
points between the results calculated by the second-
order approximation and by the zero-order
approximation (Unit: m).
Max Min Mean Std
0.03 0.09 0.01 0.02
Fig. 4 e The 5′ £ 5′ EGM2008 height anomaly differences at SRTM heights between the results calculated by the second-
order approximation and those by the zero-order approximation.
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geographic distribution of testing GPS/leveling points also af-
fects the evaluation of the calculated EGM2008 quasi-geoid.
Due to difficulty in leveling data availability for the studied
region, the 70 testing points used in this study are not well
distributed. Some points concentrate in areas with very small
ranges, while for many other areas there are no testing points
(see the points' distribution in Fig. 2). Hence, the comparison
(or evaluation) may only apply to these selected areas. For
other regions devoid of testing GPS/leveling points, the
accuracy estimate of the calculated quasi-geoid could differ.
The contribution of EGM2008 error to the uncertainty of
height anomalies is supposed to be small (e.g., 0.09 m as re-
ported in Shen et al. [10]). However, one should keep in mind
that other factors (such as DEM uncertainties, possible
systematic errors among different height datum, etc.) are
also important error sources in the determination of quasi-Table 4 e Statistics of the height anomaly residue at the
70 GPS/leveling testing points.
Region Number of
points
Max
(m)
Min
(m)
Mean
(m)
Std
(m)
Xinjiang 20 0.41 0.32 0.13 0.20
Chengdu 22 0.50 0.01 0.35 0.12
Shenzhen 27 0.05 0.19 0.12 0.04
Ji'nan 1 0.05geoid. Thus using only present gravitational potential models
could not provide absolutely sufficient information for quasi-
geoid or geoid determination, especially for regions with
considerable undulating terrains (i.e., mountainous areas).
Sadiq et al. [19] pointed out by a case study in Pakistan area
that the ground gravity anomalies would evidently improve
the accuracy of regional gravity field models. Therefore, in
order to determine a more accurate and higher spatial-
resolution quasi-geoid (or geoid) for mountainous areas, local
terrestrial gravity information is needed.5. Summary
In this studywe determined a 50  50 regional quasi-geoid of
the Mainland China and its vicinity areas according to the
second-order Molodensky approximation, based on the
EGM2008 gravitational potential model and a SRTM DEM
model. A comparison with 70 GPS/leveling points distributed
in the northwest part, a western city, a northern city and a
eastern city, respectively, indicates that the EGM2008 quasi-
geoid deviates from the GPS/leveling quasi-geoidwithin 10 cm
in the selected plain testing areas for east China and ~20 cm in
the selected highland testing regions for west China.
We also demonstrate the necessity of a DEM input for
determining the regional quasi-geoid based on EGM2008.
When an ellipsoidal surface (e.g.,WGS84 ellipsoidal surface) is
simply used as a calculation surface, the introduced errors
may reach up to 3.6 m in mountainous areas. Moreover,
comparisons between regional quasi-geoids determined by
the second-order and zero-order Molodensky approximations
reveal that the simple zero-order approximation is not suffi-
cient for determining quasi-geoid for a region of considerably
large range (e.g., Mainland China or even the globe). The errors
introduced by the simple zero-order approximation may
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 6 , 4 3 7e4 4 3 443reach up to more than 10 cm for mountainous regions (e.g.,
Tibetan and Xinjiang areas for Mainland China). However, for
plain areas the zero-order Molodensky approximation should
be reliable (with calculating discrepancy less than 1 cm), and
is recommended for the sake of computation brevity.
It is also noted that, similar as the direct determination of
the regional quasi-geoid for Mainland China and its vicinity
areas, a global quasi-geoid could also be determined directly
using the EGM2008 in the framework of Molodensky theory,
with a global topography provided, e.g., the DTM2006.0 [1].
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